Index modulation assisted DCT-OFDM with Enhanced Transceiver Design by He, Chang et al.
Index modulation assisted DCT-OFDM with
Enhanced Transceiver Design
Chang He1, Aijun Cao1, Lixia Xiao1, Lei Zhang2, Pei Xiao1, and Konstantinos Nikitopoulos1
1Institute for Communication Systems, University of Surrey, United Kingdom, GU2 7XH
1{c.he, aj.cao, ll.xiao, p.xiao, k.nikitopoulos}@surrey.ac.uk,
2School of Engineering, University of Glasgow, Glasgow, G12 8QQ, UK
2Lei.Zhang@glasgow.ac.uk
Abstract—An index modulation (IM) assisted Discrete Cosine
Transform based Orthogonal Frequency Division Multiplexing
(DCT-OFDM) with Enhanced Transmitter Design (termed as
EDCT-OFDM-IM) is proposed. It amalgamates the concept
of Discrete Cosine Transform assisted Orthogonal Frequency
Division Multiplexing (DCT-OFDM) and Index Modulation (IM)
to exploit the design freedom provided by the double number
of available subcarrier under the same bandwidth. In the
proposed EDCT-OFDM-IM scheme, the maximum likelihood
(ML) detector used for symbol bits and index bits recovering
is derived and the sophisticated designing guidelines for EDCT-
OFDM-IM are provided. Based on the derived pairwise error
event probability, a theoretical upper bound on the average bit-
error probability (ABEP) of EDCT-OFDM-IM is provided over
multipath fading channels. Furthermore, the maximum peak-to-
average power ratio (PAPR) of our proposed EDCT-OFDM-IM
scheme is derived and compared to than the general Discrete
Fourier Transform (DFT) based OFDM-IM counterpart.
I. INTRODUCTION
The orthogonal frequency division multiplexing (OFDM)
technique, as an effective multicarrier modulation scheme, has
been extensively studied and applied in many wireless commu-
nications scenarios, such as wireless Local Area Net (LAN),
Long Term Evaluation (LTE) and LTE-Advanced (LTE-A) [1],
[2]. Inspired by the spatial modulation conception, OFDM
with index modulation (which is generally called OFDM-
IM) is firstly introduced as a modified variant of OFDM
family. The key idea of OFDM-IM is that, by splitting the
incoming bit stream into sub-groups consisting of index bits
and constellation symbol bits, only the selected subcarriers are
activated to modulate the corresponding data symbols while
the rest subcarriers are idle for data transmission [3], [4], [5].
Since some subcarriers are selected to be deactivated, OFDM-
IM could suffer less PAPR and ICI effect compared to classical
OFDM [6], [7], [8]. In addition, OFDM-IM offers appealing
trade-offs between error performance, system complexity and
data rate, when compared with classic OFDM systems [3].
However, the above-mentioned OFDM-IM scheme is gen-
erally implemented by the discrete Fourier transform (DFT)
and inverse DFT (IDFT) modules. In fact, there exists another
OFDM scheme using a cosinusoidal set as an orthogonal basis,
and can be implemented with a discrete cosine transform
(DCT) module [9]. We terms this scheme as DCT-OFDM,
while the general OFDM system is denoted as DFT-OFDM
in this paper. In the literature, the DCT-OFDM has been
proposed for many communication scenarios, such as Under-
water Acoustic Communications (UAC) [10] and Visible Light
Communications (VLC) [11], and noticeable improvement in
the system performance over its DFT-OFDM counterpart are
verified.
In general, the system implementation of using a DCT
rather than a DFT brings many promising benefits for DCT-
OFDM. Particularly, for one-dimensional modulations (e.g.,
binary phase shift keying (BPSK)), the DCT-OFDM does not
have the in-phase and quadrature-phase imbalance problem
encountered in [12] in classic DFT-OFDM systems without
the need of a quadrature modulator. In addition, unlike the
traditional DFT-OFDM scheme, only half the minimum sub-
carrier spacing of typical DFT-OFDM is required for the DCT-
OFDM needs[13], [14], [15]. Consequently, the number of
subcarriers in the DCT-OFDM system occupying the same
bandwidth is doubled. In order to exploit this benefit of the
increased number of subcarrier for IM assisted DCT-OFDM
(termed as DCT-OFDM-IM), the pioneer DCT-OFDM-IM is
implemented by Marwa in [15] and it has been investigated
to achieve significant spectrum efficiency (SE) gains over
the DFT-OFDM-IM counterpart. However, as the transceiver
structure of the pioneer DCT-OFDM-IM is implemented by
conventional method and its corresponding detector is based
on linear detection approach, its bit error rate (BER) perfor-
mance gain is limited. On the other hand, the research on
DCT-OFDM-IM is still in its infancy and there is a lot of
scope for further performance improvement.
Against the above background, the DCT-OFDM-IM with
an enhanced transceiver (termed as EDCT-OFDM-IM) is im-
plemented based on the pre-filtering method. In addition, the
optimum maximum likelihood (ML) detector is implemented
for EDCT-OFDM-IM to achieve the optimum system per-
formance. Consequently, based on a simplified general error
probability function which only considers the dominated error
cases, a theoretical upper bound on the average bit-error
probability is derived to evaluate the BER performance of
our proposed EDCT-OFDM-IM. Furthermore, the maximum
PAPR is characterized for our proposed EDCT-OFDM-IM
systems.
The remainder of this paper is organized as follows. Section
II describes the pioneer DCT-OFDM-IM model proposed in
[15], [16]. The transceiver structure of our proposed EDCT-
OFDM-IM is presented in Section III. To evaluate its perfor-
mance of the EDCT-OFDM-IM scheme, we derive the corre-
sponding theoretical BER analysis in Section IV. Furthermore,
Section V gives the maximum PAPR value our proposed
EDCT-OFDM-IM. In Section VI our numerical results are
provided, while Section VII concludes this paper.
Notations: E[·] calculate the expected value of any random
variable. The hermitian conjugate and transpose operation are
represented by [·]H and [·]T , respectively. The dimension N×
N matrix IN and JN , are the identity matrix and reversal
matrix, respectively. [·]∗ stands for the conjugate conversion of
the identified element. (L,K,N) denotes a IM scheme where
K subcarriers are activated within a group of L subcarriers,
Where N is the total number of available subcarriers.
II. PIONEER DCT-OFDM-IM
A. Transmitter
Firstly, a stream of the raw information bits is separated
into G groups, with each group containing P bits. Then, the
P bits are classified into two parts with P1 and P2 bits for
each, such that P = P1+P2. By searching a look-up table, P1
bits for each group are modulated to an index symbol set on
the active subcarriers. On the other hand, a real M -ary ASK
constellation is employed for mapping P2 bits. Following the
index modulated symbols, a vector of length N is created
by performing IDCT procedure. Finally, after adding cyclic
prefix (CP) to avoid ISI and ICI, the output signal is ready for
transmission.
B. Receiver
After removing the prefix and performing the DCT and
block de-interleving, frequency domain zero forcing (ZF)
equalization is performed on the received signal, while a
minimum distance detection scheme is introduced to recover
the raw information bits. Note that such a linear detection
scheme results in suboptimal performance, consequently, there
is need for an enhanced detector design to improve the system
performance.
III. PROPOSED EDCT-OFDM-IM SYSTEM MODEL
Generally speaking, the major limitation of the DCT-OFDM
scheme is that when the channel is in a multipath fading case,
the circular convolution property which is always satisfied by
DFT does not hold for DCT [9], [17]. In this regard, the cyclic-
prefix (CP) based methods employed in general DFT-OFDM
schemes to tackle the ICI and ISI issues do not apply any
more. To address this issue, and further improve the DCT-
OFDM-IM performance in [15], in this section, the optimum
DCT-OFDM transceiver structure proposed in [18], [14], [16]
is employed by cooperating with a time-reversed pre-filter and
symmetric extended guard sequences to render the effective
channel matrix diagonalizable by DCT in frequency domain,
where one-tap equalization becomes applicable at the receiver
side. In cooperation with this pre-filter, both prefix and suffix
at no less than the channel memory are required as guard
interval in the form of symmetric extension from modulated
signal.
A. Proposed EDCT-OFDM-IM transmitter
Consider a EDCT-OFDM-IM system employs N subcar-
riers, and the total subcarriers are separated into G groups
with each consisting of L = N/G subcarriers. The schematic
of the EDCT-OFDM-IM transmitter is illustrated in Fig. 2 (a).
We denote each group by Yg = [Y(g,0), Y(g,1), . . . , Y(g,L−1)]T ,
g = 0, 1, . . . , G−1. Then the data symbol vector can be given
as:
xˆ = [YT0 ,Y
T
1 , . . . ,Y
T
G−1]
T . (1)
For each group, we activate K out of L available subcarriers
to map p1 = ⌊log2 CKL ⌋ bits into a set of subcarrier indices
combinations, while the remaining indices transmit zeros. On
the other hand, p2 = K log2(M) bits are modulated to M -
ary ASK data symbols and subsequently transmitted by the
K active subcarriers. Accordingly, the total number of bits
transmitted per EDCT-OFDM-IM block is G · (p1+p2). After
subcarrier IM, the g-th group signal can be written as
Yg = [0, . . . , s(g,0), 0, . . . , s(g,1), 0, . . . , s(g,K−1), 0, . . .]T , (2)
where s(g,k)(k = 0, 1, . . . ,K − 1) represents the M -ary ASK
constellation point, and Yg ∈ Λ, where Λ is the set of
all possible symbol vector combinations. In order to combat
the correlation effect among adjacent channel coefficients to
further improve its error performance, a subcarrier level block
interleaving is added into the aforementioned system. As a
result, the modified transmitted signals can be expressed as
x = [X0, X1, . . . , XN−1]
= [Y(0,0), Y(1,0), . . . , Y(G−1,0), . . . , Y(0,L−1), Y(1,L−1), . . . , Y(G−1,L−1)]. (3)
The prefix and suffix are assumed to have the same length
v. Therefore, the total block length is L1 = N + 2v and the
transmitted signal vector is represented by
u = TPSD
Hx, (4)
where D ∈ RN×N is a power normalised type-II DCT matrix
with its (l,m) entry given by:
dl,m =


√
2
N cos(
(l−1)(2m−1)pi
2N ), l > 1√
1
N , l = 1.
(5)
TPS = [Jv, 0v×(N−v); IN ; 0v×(N−v), Jv] is the L1×N matrix
that inserts the prefix and suffix at both sides of a data symbol
block.
B. Proposed EDCT-OFDM-IM receiver
Fig. 2 (b) depicts the receiver structure of the proposed
EDCT-OFDM-IM system. Assume a Rayleigh fading chan-
nel vector at Lc taps in the time domain as defined by
h = [h0, h1, . . . , hLc−1]. Its corresponding time-reverse pre-
filter vector is thus represented in the reverse form as p =
[hLc−1, hLc−2, . . . , h0],
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Fig. 1. Transceiver diagram of the proposed EDCT-OFDM-IM scheme (a) transmitter side (b) receiver side.
At the receiver side, by performing the time-reverse pre-
filtering and the DCT demultiplexing, the received frequency-
domain sample vector obtained after guard sequence removal
can be expressed as
z = DRPSP(Hu + n), (6)
where the multipath channel convolution matrix H ∈ RL1×L1
is a Toeplitz matrix defined by
H =


hLc−1 . . . h0 . . . 0
0
. . .
. . .
...
...
. . .
. . . h0
...
. . .
. . .
...
0 . . . . . . 0 hLc−1


. (7)
Correspondingly, the time-reverse filtering matrix P ∈ RL1×L1
can also be represented by a Toeplitz matrix as
P =


hLc−1 0 . . . . . . 0
...
. . .
. . .
...
h0
. . .
. . .
...
...
. . .
. . . 0
0 . . . h0 . . . hLc−1


. (8)
The guard sequence removal operation is denoted by the
matrix RPS = [0N×v, IN , 0N×v]. n ∈ RL1×1 is the AWGN
noise vector with its elements subject to Gaussian distribution
with zero mean and N0 variance.
Recalling the aforementioned one-tap equalization mecha-
nism, with the introduction of a pre-filter and the symmet-
ric guard sequence, the DCT-OFDM is now applicable for
ICI and ISI free transmission. This integrates the output of
DRPSPHTPSD
H equivalent to a effective diagonal matrix
Heff and Eq. (6) thus can be simplified to
z = Heffx + Geffn (9)
where Heff ∈ RN×N is the effective channel diago-
nal matrix with its elements expressed by diag(Heff ) =
[H0, H1, . . . , HN−1], and Geff = DRPSP represents the
effective noise correlation matrix.
In conventional DFT-OFDM systems, it is suggested that
the noise vector in frequency-domain after DFT process is
still Gaussian variable with equal power distributed among all
subcarriers. However, in this DCT-OFDM system, due to the
correlated pre-filtering procedure, it becomes variant and cor-
related. Consequently, the ML detector which is normally used
to optimally detect the transmit signal need to be reformulated
by taking the noise correlation effect into account. In order to
calculate the effective noise variance for each subcarrier, we
take a scaled form from Eq. (9), as expressed by
Zk = HkXk +
N∑
i=1
gk,ini (10)
where Zk and ni are the received sample and AWGN sample
at the kth subcarrier and ith subcarrier, respectively, whereas
gk,i is the entry in the kth row and ith column of Geff .
We make a reasonable assumption that time is long over
symbols. With this assumption, g2k,i is regarded as instant
noise coefficient and the overall coloured noise coefficient on
arbitrary subcarrier index is in the summation of the noise
coefficient from all subcarriers. Accordingly, the coloured
noise variance Vk at subcarrier index k can be obtained as
Vk =
N0
2
N∑
i=1
g2k,i . (11)
Based on the instantaneous coloured noise variance Vk, we
reformulated the expression of the optimum ML detection for
gth group. Denoting by Zg+λG = Z(g,λ), Hg+λG = H(g,λ)
and Vg+λG = V(g,λ), the transmit symbols in the gth group
can be estimated as
Yˆg = argmin
Yg∈Λ
L−1∑
λ=0
|Z(g,λ) −H(g,λ)Y(g,λ)|2
V(g,λ)
. (12)
As indicated in Eq. (12), the noise correlation effect can be
effectively compensated by the term Vg+λG.
IV. THEORETICAL ERROR PERFORMANCE ANALYSIS OF
THE PROPOSED EDCT-OFDM-IM
In this section, we propose an analytical framework to eval-
uate the average bit error probability (ABEP) of our EDCT-
OFDM-IM scheme using the aforementioned reformulated
ML decoder. Unlike conventional OFDM systems, the BER
performance for the DCT-OFDM-IM schemes is determined
by pair wise error probability (PEP) events within a divided
group rather than a single subcarrier. For the EDCT-OFDM-
IM scheme, let (Yg → Y˜g,Hg) denotes the pair wise error
event where the transmitted signal Yg in the g-th group is
erroneously detected as Y˜g conditioned on the corresponding
effective channel coefficient vector Hg. In this regard, the con-
ditional PEP (CPEP) expression in [19], can be reformulated
by compensating the coloured noise variance V(g,λ) on each
subcarrier, and is expressed as
P (Yg → Y˜g,Hg) = Q(
√
δ) (13)
where
δ =
L−1∑
λ=0
|H(g,λ)Y(g,λ) −H(g,λ)Y˜(g,λ)|2
2V(g,λ)
(14)
and
Q(x) ≈ 1
12
e−x
2/2 +
1
4
e−2x
2/3 (15)
is the error function. The unconditional PEP (UPEP), is
thus obtained by taking the average of the effective channel
coefficients of the CPEP as
P (Yg → Y˜g) =
∫
Hg
P (Yg → Y˜g,Hg) · f(Hg) dHg (16)
where f(Hg) is the probability density function (PDF) of
the effective channel coefficient Hg . However, the CPEPs of
EDCT-OFDM-IM is complicated as Hg is the convolution
output between the channel and its corresponding pre-filter.
Instead of deriving a closed-form expression for Eq. (26), we
follow [20], [21], [16] and estimate the UPEPs of Eq. (26) by
numerical integration.
Next, we can define the ABEP of the proposed EDCT-
OFDM-IM scheme as the ratio of the number of the error bits
me to the number of the total transmission bits mt, which is
given as
Pb =
me
mt
. (17)
In accordance with the aforementioned definitions for each
group, we have mt = G · (p1+p2) and me is the sum of error
bits among the G groups, i.e., me =
∑G−1
g=0 me,g .
In general, me,g is obtained by searching all possible PEPs
within the g-th group exhaustively. Nevertheless, operating
an exhaustive search is unnecessary and becomes impractical
when the number of all possible PEPs is very large. Since
some low-probability error events are safely to be ignored, we
focus mainly on two dominated error cases where bit errors
are most likely to occur according to [20], [21]:
(i) Yg and Y˜g have only one different index of activated
subcarrier and theM -ary ASK symbols on the incorrect index
can be randomly right or wrong;
(ii) Yg and Y˜g have correct index set of activated subcarrier
but one incorrect carried M -ary ASK constellation symbol.
The bit errors caused by case (i) and case (ii) are denoted
by m(i)e,g and m
(ii)
e,g, respectively. And the total errors me,g =
m(i)e,g+m
(ii)
e,g.
For case (i), suppose α is the subcarrier index in Yg that is
incorrectly detected as α˜ in Y˜g where α, α˜ ∈ {1, 2, . . . , L−1}
and α 6= α˜, and the corresponding ASK symbols carried by
the α-th subcarrier in Yg and α˜-th subcarrier in Y˜g are Y(g,α)
and Y˜(g,α˜), respectively. Then, the CPEP given in Eq. (16)
which indicates the error event of the activated subcarrier α
being erroneously detected as α˜ can be simplified to
P (Yg → Y˜g|α→ α˜,Hg) = Q
(√
|H(g,α)Y(g,α)|2
2V(g,α)
+
|H(g,α˜)Y˜(g,α˜)|2
2V(g,α˜)
)
. (18)
Subsequently, m(i)e,g of EDCT-OFDM-IM for case (i) is ob-
tained by averaging P (Yg → Y˜g|α→ α˜,Hg) over all possible
events of (α→ α˜) as
m(i)e,g =
1
L
∑L−1
α=0
∑L−1
α˜=0,α˜6=α P (Yg → Y˜g|α→ α˜) · [A(Yg → Y˜g|α→ α˜) + log2M2 ] (19)
where A(Yg → Y˜g|α→ α˜) is the Hamming distance between
Yg and Y˜g conditioned on α→ α˜.
For case (ii), we assume Y(g,ϕ) is erroneously detected as
Y˜(g,ϕ) on the index ϕ while other subcarriers recover the
correct symbols. In this case, the CPEP can be a simplified as
P (Yg → Y˜g|Y(g,ϕ) → Y˜(g,ϕ),Hg) = Q
(√
|H(g,ϕ)Y(g,ϕ)−H(g,ϕ)Y˜(g,ϕ)|2
2V(g,ϕ)
)
. (20)
In the same manner, the m(ii)e,g of EDCT-OFDM-IM for case
(ii) is achieved by searching all possible cases of (Y(g,ϕ) →
Y˜(g,ϕ)), which can be expressed as
m(ii)e,g =
1
L
∑L−1
ϕ=0
∑
Y(g,ϕ) 6=Y˜(g,ϕ) P (Yg → Y˜g|Y(g,ϕ) → Y˜(g,ϕ)) ·B(M) (21)
where M is the ASK modulated constellation symbol order,
and B(M) represents 1 bit in error for BPSK case (M = 2)
and half detection accuracy of log2M transmit bits forM ≥ 4
as follow
B(M) =
{
1, BPSK (M = 2)
log2 M
2 , M −ASK (M ≥ 4)
. (22)
Finally, by substituting Eq. (19) and Eq. (21) into Eq. (17),
the generalized expression for the ABEP of EDCT-OFDM-IM
system can be upper bounded as
Pb =
me
G · (p1 + p2) ≤
1
G · (p1 + p2)
G−1∑
g=0
[m(i)e,g +m
(ii)
e,g]. (23)
V. THE MAXIMUM VALUE OF PAPR
The maximum signal power in DFT-based OFDM system is
normally derived by assuming that each subcarrier is carried
with highest symbol power and all the complex exponentials
are in phase to each other. This yields the highest aggregation
power as a summation of several constellation symbols. How-
ever, in the DCT-based OFDM systems, since the transmitted
signal is attenuated by the cosine terms from IDCT rather
than the complex exponential terms from IDFT, we start the
derivation from the expression of the modulated signal ready
to be transmitted.
After the IDCT modulation procedure, the time domain
symbols to be transmitted in the DCT-based OFDM system
is expressed as:
sk=
N−1∑
n=0
Xnβn cos [
pin(2k + 1)
2N
], 0≤k≤N − 1. (24)
In general, the PAPR is defined as the ratio of the maximum
achievable signal power, Pmax, and the average signal power,
Pmean:
PAPR =
Pmax
Pmean
=
max{|sk|2}
E{|sk|2} . (25)
As indicated by Eq. (25), the peak power of sk occurs when
cos [pin(2k+1)2N ] = ±1, which is achieved at k = N−1. Accord-
ingly, the absolute amplitude of the term Xnβn cos [
pin(2k+1)
2N ]
becomes maximum with its polarization either being positive
or negative. Hence, the maximum possible power is achieved
at sN−1 when each subcarrier is modulated with the peak of
constellation symbol amplitude and identical polarization with
the cosine term. Suppose the greatest constellation symbol
amplitude ofXn inM -ary ASK modulation scheme is denoted
as max |Xn| = Xmax, it satisfies Xmax = M − 1. For the
conventional DCT-based OFDM system where all subcarriers
are modulated with symbols, the maximum possible signal
power is
Pmax≈max |
N−1∑
n=0
Xmaxβn|2 ≈ N(M − 1)2. (26)
On the other hand, Pmean depends on the average energy
distributed on each subcarrier multiplied by the number of
modulated subcarriers. The average energy per subcarrier is
the same to that in an M -ary ASK modulated symbol. In this
regard, we have
Pmean =
EaskmeanN
N
=
M2 − 1
3
. (27)
By combining Eq. (26) and Eq.(27), the PAPR for the con-
ventional DCT-based OFDM system can be calculated as:
PAPRDCT =
Pmax
Pmean
=
3N(M − 1)
M + 1
. (28)
However, for DCT-OFDM-IM systems, the fact that some
subcarriers are deactivated due to the index modulation sug-
gests a power reduction on both Pmax and Pmean. As partial
subcarriers are set to transmit zeros, the maximum possible
signal power and the average signal power are proportional to
the total number of active subcarriers. With the aforementioned
assumptions, for a general DCT-OFDM-IM (L,K,N ) M -
ASK scheme, the total active subcarrier number is Na =
NK/L. Hence, Pmax and Pmean are calculated by
Pmax ≈ | 1√
N
· NK
L
Xmax|2 = NK
2(M − 1)2
L2
, (29)
Pmean =
Easkmean ·NK/L
N
=
K(M2 − 1)
3L
. (30)
Consequently, we have the PAPR for general DCT-OFDM-IM:
PAPRIMDCT =
3NK(M − 1)
L(M + 1)
=
3Na(M − 1)
(M + 1)
. (31)
The expression in Eq. (31) reveals the advantage of the
general DCT-OFDM-IM, i.e., just like other kind of IM-based
variants where Na < N , the PAPR is subject to the number of
total active subcarriers and could be reduced if less subcarriers
are modulated for carrying symbols. By contrast, the worst
PAPR is obtained when Na = N .
Furthermore, the PAPR of the conventional DFT-
based OFDM and DFT-OFDM-IM schemes are given by
PAPRDFT =
3N (√M−1)√M+1 and PAPR
IM
DFT =
3NK(√M−1)
L(√M+1) ,
respectively [7]. For conventional DFT-based M-QAM
modulated and DCT-based M -ASK modulated OFDM
systems with the same spectral efficiency (e.g. N = 2N ,
M = M2), it is easy to obtain PAPRDCT = 2PAPRDFT .
Due to the double number of available subcarrier, the DCT-
based scheme suffers from a higher PAPR in comparison
with the conventional OFDM systems. Nevertheless, when it
comes to IM-based cases, in accordance with the grouping
principles we proposed in the spectral efficiency analysis,
their total active subcarrier number in a frame are the same.
Hence, the general DCT-OFDM-IM schemes show similar
PAPR effect as the DFT-OFDM-IM schemes, which is
PAPRIMDCT = PAPR
IM
DFT .
VI. NUMERICAL RESULTS
In this section, we present our simulation results for char-
acterizing the achievable performance of our proposed EDCT-
OFDM-IM system. For fair comparisons, the normalised trans-
mission rate and the transmit power are set to the identical for
all the schemes.
We consider a ten-path (i.e. Lc=10) slow-varying Rayleigh
fading channel with exponential power delay profile, and the
channel information is supposed to be perfectly obtained by
the receiver. Moreover, we assign the DFT-based systems with
N = 64 subcarriers and a cyclic prefix of length of 16 whereas
the DCT-based systems are assigned with N = 128 subcarriers
and a symmetric prefix and suffix of the same length of v =
16.
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First, to verify the tightness of the theoretical BER upper
bound presented in Eq. (23), we compare the analytical and
simulation results with several different system configurations
in Fig. 2. In all the cases, the curves for theoretical BER
upper bound are close to their corresponding simulation results
with less than 1dB gap in between. The accuracy improves
further when the average BERs are lower than 10−3. On the
other hand, the figure also indicates that the accuracy of our
theoretical analysis improves as the group size L increases.
Next, we show the BER performance comparison for our
proposed EDCT-OFDM-IM and the pioneer DCT-OFDM-IM
with the same setups in Fig. 3. It can be seen that with the
optimal ML detector employed instead of a linear detector, the
overall system performance could be significantly improved.
The exact BER performance comparison for the classic
OFDM, DFT-OFDM-IM and EDCT-OFDM-IM systems are
provided in Figs. 4-5 for a normalised transmission rate at
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Fig. 4. Performance comparison for DFT-OFDM-IM and EDCT-OFDM-IM
at 1.5 bits/s/Hz.
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Fig. 5. Performance comparison for classic OFDM, DFT-OFDM-IM and
EDCT-OFDM-IM at 2 bits/s/Hz.
1.5 bits/s/Hz and 2 bits/s/Hz, respectively. It is noted that the
setups made for the proposed EDCT-OFDM-IM and the DFT-
OFDM-IM ensure similar detection complexity under the same
date rate. It can be observed from the figures that the EDCT-
OFDM-IM significantly outperforms both the classic OFDM
and the DFT-OFDM-IM. Specifically, The performance gain
of the systems corresponding to the transmission data rate
of 1.5 bits/s/Hz in Fig. 4 is higher than that of the systems
corresponding to the transmission data rate of 2 bits/s/Hz in
Fig. 5. For instance, at a BER of 10−3, around 5 dB gain
and 6dB gain are observed both in Fig. 4 and Fig. 5 for our
EDCT-OFDM-IM systems.
Another reason for this observed trend can be inferred from
the conclusion from some previous studies [7], [22]. In the
high SNR region, the information bits carried by the index
set are more reliable than the bits carried by constellation
symbols, which concurs with our results provided in Fig. 6
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Fig. 6. BER performance on the index bits and the symbol bits for the
EDCT-OFDM-IM (8,1,128) BPSK scheme.
where we select the EDCT-OFDM-IM (8,1,128) BPSK scheme
as an example to provide the BER comparison for the index
bits, the constellation symbol bits and all bits cases. The gap
between index bits and symbols bits becomes larger as BER
decreases. In this regard, our designing guidelines verifies the
superiority of our proposed EDCT-OFDM-IM system which
could reduce the number of information bits modulated by
constellation symbols, but make up this data rate loss from
increasing the number of index bits with the double number
of available subcarriers.
VII. CONCLUSION
In this paper, we have illustrated an enhanced transceiver
design for the proposed EDCT-OFDM-IM system and carried
out its comparisons with the DFT-OFDM-IM system. By
exploiting the increased sparsity of the modulated symbol
vector, the EDCT-OFDM-IM scheme shows an explicit BER
advantage than its DFT-based counterpart under the same
spectral efficiency. Moreover, we show that the PAPRs of the
EDCT-OFDM-IM and the DFT-OFDM-IM systems are almost
identical.
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